Single molecule force spectroscopy (SMFS) has evolved into a standard technique in mechanobiology and in turn benefits greatly from new discoveries and developments in biochemistry. Novel immobilization strategies for biomolecules and improved purification schemes are constantly adapted. In a majority of reported SMFS studies, polyethylene glycol (PEG) was used to anchor the molecules of interest to the surfaces. However, its well-known trans-trans-gauche to all-trans transition causes marked deviation from standard polymer elasticity models like the Worm Like Chain (WLC), particularly at elevated forces. As a result, the assignments of unfolded protein domains corresponding to their amino acid chain lengths are distorted, and zero force contour length fits of standard elasticity models to the data falsely appear longer. A solution addressing this issue is the implementation of unstructured polypeptides as linkers. Progress in cloning techniques of highly repetitive genes and post-translational protein ligation methods facilitated the access to peptide backbones as artificial spacers. We investigate the suitability of a tailored polypeptide linker focusing on the special requirements for single molecule force experiments, i.e. length, monodispersity, or bioorthogonal tags. Here, we report the use of elastin-like polypeptides (ELPs) as surface linkers for SMFS experiments, replacing PEG as surface immobilization anchors. Our results demonstrate that a single type of polymer backbone with the same elastic properties throughout the whole measured molecule improves data quality and facilitates data analysis and interpretation in force spectroscopy experiments. Thus, the use of all-peptide linkers opens alternative ways of modifying and immobilizing proteins for future studies.
ABSTRACT
Single molecule force spectroscopy (SMFS) has evolved into a standard technique in mechanobiology and in turn benefits greatly from new discoveries and developments in biochemistry. Novel immobilization strategies for biomolecules and improved purification schemes are constantly adapted. In a majority of reported SMFS studies, polyethylene glycol (PEG) was used to anchor the molecules of interest to the surfaces. However, its well-known trans-trans-gauche to all-trans transition causes marked deviation from standard polymer elasticity models like the Worm Like Chain (WLC), particularly at elevated forces. As a result, the assignments of unfolded protein domains corresponding to their amino acid chain lengths are distorted, and zero force contour length fits of standard elasticity models to the data falsely appear longer. A solution addressing this issue is the implementation of unstructured polypeptides as linkers. Progress in cloning techniques of highly repetitive genes and post-translational protein ligation methods facilitated the access to peptide backbones as artificial spacers. We investigate the suitability of a tailored polypeptide linker focusing on the special requirements for single molecule force experiments, i.e. length, monodispersity, or bioorthogonal tags. Here, we report the use of elastin-like polypeptides (ELPs) as surface linkers for SMFS experiments, replacing PEG as surface immobilization anchors. Our results demonstrate that a single type of polymer backbone with the same elastic properties throughout the whole measured molecule improves data quality and facilitates data analysis and interpretation in force spectroscopy experiments. Thus, the use of all-peptide linkers opens alternative ways of modifying and immobilizing proteins for future studies.
MAIN TEXT
Single molecule force spectroscopy (SMFS), is a state-of-the-art technique in the rapidly growing field of molecular biomechanics. [1] [2] [3] New tools and methods are being developed constantly to improve ease of handling, sensitivity, reproducibility and reliability. 4, 5 In parallel, the biochemical toolbox is expanded continuously, paving the way towards analysis of more complex and demanding biological systems. Improvements like the use of orthogonal binding handles, [6] [7] [8] [9] new immobilization strategies, [10] [11] [12] [13] [14] and diverse sources of protein production (i.e. recombinant bulk expression or cell-free in vitro expression) along with parallel and multiplexed probing of different proteins within the same experiment are all examples of the significant technical advances that have been achieved in recent years. 15 A key requirement to probe many different protein domains in a single experiment with highly controlled, site-specific protein geometry, is the ability to use a single cantilever over a long period of time for a large number of force scans. We found two main advances, the first of them being the improvement of geometrically defined and covalent surface tethering, and the second being the discovery and characterization of the type III Cohesin:Dockerin (Coh:Doc) interaction. 7 This protein receptor-ligand pair can withstand remarkably high forces in a SMFS assay and exhibits long term functionality, which was particularly important for the establishment of multiplexed experiments. Coh:Doc can be used as a binding handle successfully and continuously for over 24 hours of measurement time without loss of binding activity. Datasets of typically several ten thousands of force-extension curves can easily be obtained using type III Coh:Doc, dramatically outperforming other mechano-stable interactions (e.g. biotin-avidin).
Being able to extend measurement time with one cantilever over several days offers the opportunity to address different proteins immobilized on different positions of the same substrate (i.e. protein microarrays). Over the course of a single experiment, the same cantilever can be used to interrogate several protein spots on a surface, and record thousands of traces from each spot to achieve statistical significance. This leads to large data sets, and requires the use of sophisticated algorithms to identify and extract specific and single molecular interactions among a vast number of traces with background signal. Empty traces, multiple interactions in parallel, and non-specific interactions must all be filtered out of the data set. Most importantly, these algorithms have to separate the different contributions stemming from the heterogeneous stretching behavior of the mixed PEGprotein polymer backbone.
When performing SMFS in an elevated force regime, additional challenges arise: a conformational transition of PEG occurs to a large extent in a force range of 100-300 pN, resulting in a linear regime in the unfolding traces. [16] [17] [18] In aqueous buffer, PEG is stabilized by water molecules in a trans-trans-gauche conformation. With rising force on the polymer, the occupancy of conformations is shifted from trans-trans-gauche to all-trans, effectively increasing the net polymer contour length. Analysis methods such as detecting contour length increments and fitting standard elasticity models to the data within said force range are therefore compromised and would, for a quantitative description require novel heterogeneous elasticity models. For many of the specifically pulled experiments done so far, this was only a minor issue, since binding handles besides type III Coh:Doc, dissociated below this regime. For probing protein unfolding and receptor-ligand unbinding in a high force regime, however, this issue becomes significant and noticeable in the traces.
In this study we investigate the feasibility of biological protein polymers to circumvent this problem. We selected the well-characterized elastin-like polypeptides (ELPs) as a suitable candidate for this purpose. The progression of cloning techniques of repetitive genes set a basis for precisely defined protein polymers. [19] [20] [21] [22] It opened the ability to design, produce and purify protein spacers for single molecule experiments that exhibit complete mono-dispersity, a key advantage compared to other synthetic polymers like PEG. Furthermore, ELPs can be produced with N-/C-terminal protein ligation tags, which can be used for specific and orthogonal surface chemistry in SMFS sample preparation. ELPs are synthetic biopolymers derived from tropoelastin domains and are composed of a repetitive amino acid heptamer 'Val-Pro-Gly-Xaa-Gly'. 23 Xaa is a guest residue, which can be any amino acid apart from proline. The guest residue influences the hydrophobicity of the protein and therefore impacts the reversible lower critical solution temperature, a phase transition point. At this environment-dependent cloud point, ELPs change their conformation and precipitate, resulting in clouding of the solution. As ELPs are intrinsically disordered proteins they are suitable as spacer or linker molecules. 24 They do not fold into well-defined domains, but rather remain flexible. We therefore hypothesized that ELPs would be an ideal choice for surface passivation and site-specific immobilization for nanomechanical systems. The bulky, but still flexible features of ELPs seem to inhibit non-specific protein binding to the surface, while enabling ligation of other proteins due to their high degree of accessibility of N-or Cterminally attached tags. Advances in post-translational protein ligation methods have made it possible to move from organic chemical conjugation methods towards enzyme-mediated protein immobilization, for example utilizing Sortase A or Sfp. 14, 25 Both enzymes catalyze a sequence-and site-specific reaction, yielding a uniform protein orientation on a surface.
Compared to the commonly used PEG linkers, ELPs have several advantages for use in SMFS assays. Since they are expressed recombinantly in Escherichia coli (E. coli), their production is easily scaled up, resulting in lower costs compared to commercially available heterobifunctional PEGs. More importantly, recombinantly produced ELP linkers are inherently monodisperse, and can be produced in the laboratory over a wide range of molecular weights and compositions. Monodisperse ELP linkers fused directly to a protein of interest allow for complete control of the lengths of a nanomechanical system from the surface up to the force transducer, which is not true for the chemically synthesized PEG polymers with non-negligible polydispersity.
Another drawback of PEG as high force spacer are its complex elastic properties which differ significantly from those of unfolded proteins and therefore require a heterogeneous elastic model elasticity of the unfolded protein backbone in series with the PEG, which complicates data analysis and automated search routines. PEG is a highly flexible polymer with a low persistence length, while peptide bonds have restricted degrees of freedom, which alter the stretching behavior. The shift of the proportion of PEG linker length to protein backbone length ultimately affects the overall elastic response to force, by altering the measured net persistence length over the course of a polyprotein unfolding experiment when analyzed with a homogeneous polymer elasticity model.
ELPs have already been the subject of AFM studies in prior work, for example, to support theoretical predictions about the behavior of these polymers above and below their cloud point and to contribute to insights into their elasticity. [26] [27] [28] This study, however is carried out far below the cloud point so that the ELP-inherent intermolecular interactions are negligible. In contrast to prior studies, we employ ELPs as spacer molecules with other protein domains attached. Our results show that particularly at elevated force regimes, ELPs provide several attractive features making them highly suitable as protein spacers for force spectroscopy.
This study offers an attractive substitute of the established PEG spacers by using all-protein based ELP anchors. This immobilization strategy provides precise control over the elastic properties of a multi-component protein mechanical system linked between the glass surface and the force transducer. Our approach transfers advances in smart polymer research towards SMFS experiments and investigates the feasibility of an alternative surface anchoring strategy.
RESULTS AND DISCUSSION
State of the art SMFS experiments employ site specific pull down strategies. Typically PEG linkers with an N-Hydroxysuccinimide (NHS) group are linked to an amino silanized surface. The other end of the PEG contains a reactive group for protein immobilization, which in most cases is a thiol reactive maleimide group. Figure 1 A illustrates a typical SMFS experiment. Proteins anchored to a functionalized glass surface are probed by the corresponding receptor fusion protein covalently linked to the cantilever tip. A typical unfolding curve recorded at constant speed is shown in Figure 1 B. After the Coh:Doc complex is formed by contacting the cantilever with the surface, force is applied by retracting the base of the cantilever. The signal is detected by a quadrant photodiode with a laser beam that is reflected off the backside of the cantilever. Bending of the cantilever is translated into a differential voltage output of the photodiode amplifier. With retraction of the cantilever at constant speed, first the polymer linker is stretched (Figure 1 The approached cantilever enables the Cohesin:Dockerin complex formation at zero extension. With the retraction of the cantilever, the biological system is stretched mechanically. I) First, the spacer molecules are fully extended and stretched. II,III) the weakest links in the chain, usually the fingerprint domains (here: CBM) are unfolded. IV) Finally, the Cohesin:Dockerin complex dissociates under force and the unfolded CBM domains can refold after the force drop. The cantilever is now able to probe a new molecule on the surface.
For this study, multidomain proteins with CBM domains as force spectroscopy fingerprints and the robust type III Coh:Doc interaction from Ruminococcus flavefaciens (R. f.) as a mechanical handle were produced. 7 The comparison of PEG with ELP linkers was carried out by cloning and recombinantly expressing two different ELPs both with 120 nm theoretical contour length (ELP 120nm , assuming 0.365nm per amino acid). 30 One ELP construct contained an N-terminal Sortase-tag ('GGG') and a C-terminal cysteine. The other ELP linker had the Sortase-tag at its C-terminus ('LPETGG') and a cysteine at the N-terminus. Two identical bioconjugation routes were used to attach ELP or PEG linkers to both cantilever and glass surface (Figure 2) . To achieve the most direct comparison, 15 kDa PEG linkers of similar contour lengths (~ 120 nm) were used. For PEG experiments, 15 kDa NHS-PEG-Maleimide was immobilized onto an amino silanized glass slide (PEG 120nm ). The maleimide groups of the PEG reacted with a GGGGG-cysteine peptide, leaving the Sortase N-tag available for subsequent derivatization. For ELP experiments, a small-molecule crosslinker (sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate), sulfo-SMCC), which added negligible contour length (0.83 nm) to the system was first immobilized onto amino silanized glass, followed by coupling with GGG-ELP 120nm -Cys. Both strategies resulted in the Sortase N-tag being available for conjugation via Sortase-mediated enzymatic ligation. The protein of interest (CohIII-CBM-LPETGG) was linked by Sortase A to ELP or PEG (Figure 2 ). The same was done for the cantilever, except GGG-Xmod-DocIII being conjugated by Sortase A to Cys-ELP 120nm -LPETGG or to PEG 120nm coupled Cys-LPETGG. Our enzyme-mediated protein immobilization approach has the advantage of site-specific linkage and results in a homogeneous orientation of proteins on the surface. Such uniformly immobilized proteins lead to a well-defined propagation of the applied force through the molecular complex under investigation and as a result to a narrow and well defined distribution of the measured force-extension curves. Protein constructs are then coupled via cysteine-Sortase tag peptides to the maleimide end-groups on the PEG spacers. For immobilization with ELP linkers, only a small molecule NHS-maleimide crosslinker with a negligible contour length of 0.83 nm was used to couple cysteine-ELP spacers with a Sortase-tag to the amino silanized surface. In both cases, fusion proteins of interest, consisting of CBM fingerprint domains and mechanostable pulling handles, were enzymatically coupled to the immobilized molecules on the surface in a subsequent step. Depicted is the functionalization of the glass surface with CohIII. The functionalization of the tip with DocIII follows the identical scheme.
The ELPs in this study contained functional tags at their N-and C-termini for surface chemistry, which also ensured that only fully translated constructs were coupled. Our AFM experiments with ELPs as linkers showed a higher percentage of single molecule unfolding traces, which may be attributed to the bulky character of the ELPs. They provide a less dense surface immobilization of the biomolecules of interest when compared to PEG-based immobilization. This behavior is advantageous since too high surface densities frequently cause multiple interactions between surface-and cantilever-bound molecules in SMFS experiments (Supplemental Figure S8) . Multiple interactions are generated, when more than one receptor-ligand interaction is recorded in parallel in a single SMFS force distance trace. The interwoven unfolding and unbinding events hamper data interpretation (Supplemental Figure S9) . Efficient passivation of glass surfaces against nonspecific adhesion of proteins requires a dense PEG surface layer, to prevent proteins from diffusing towards and sticking to the glass surface. Approaches like titrating functional (i.e. maleimide end-groups) with non-functional (i.e. CH 3 end-groups) PEG, or changing the concentration of binding agents or proteins of interest can improve the process. In our experience, surface immobilization with ELP instead of PEG linkers leads to better passivation of the surface and a higher percentage of single molecule traces, without the need for any titration of functional and non-functional linkers.
All unfolding traces were presorted by an automated routine, selecting for single interactions that display two consecutive CBM unfolding events, followed by a manual deletion of obviously erroneous curves (typically 10 %), e.g. caused by baseline drift. 7, 29 PEG unfolding traces showed wildly varying initial extensions prior to the first CBM unfolding event. We interpret this to be caused by the non-negligible polydispersity of PEG, as we did not observe multiple discrete populations with ELP experiments. The intrinsic monodispersity of ELP molecules is another clear advantage. Since they are produced recombinantly in E. coli cells and capped terminally with functional tags in vivo, only the full length constructs are functional. Additionally, ELPs were purified with inverse transition cycling (ITC), a method developed for ELP purification based on their reversible precipitation behavior. Possibly shorter ELPs are removed during the process, since their cloud point is higher than for ELP 120nm . Although the polydispersity of chemically synthesized PEGs (mass distribution ~10 -20 kDa) is sufficient for many applications, it can lead to a noticeable impact in SMFS. Figure 3 B shows a histogram of all extensions at which the unfolding events of the first CBM occur. For ELP, the distribution shows one peak centered at the extension, which is to be expected from the known ELP linker length. In the case of the PEG experiment however, three distinct populations are observed. This can be understood considering that at the level of single molecules a polydisperse distribution results in discrete peaks representing the corresponding lengths of the polymeric linkers involved in the experiment. The three peaks thus stem from the stochasticity of the SMFS experiment with three different PEG linker combinations. This polydispersity is clearly disadvantageous, since multiple linker length populations render data analysis more difficult. Curves cannot simply be overlaid in forcedistance space, due to varying loading rates. Furthermore, for constant speed SMFS experiments, loading rate populations in dynamic force spectra get broadened due to the probabilistic nature of the thermally driven rupture events. We attribute the width of the peaks to geometry effects of the anchor sites on the cantilever tip, as well as off-axis binding to molecules on the surface.
It should also be noted that the PEG data show a softer surface indentation of the tip into the polymer brush than the ELP data, as of the curvature at the beginning of each trace. A harder surface like in the case of the ELP experiments requires less indentation force to reach the linear regime after the initial soft indentation. For calibrating the inverse optical lever sensitivity this is advantageous from a practical point of view. 31 In the PEG linked experiment (purple), the unfolding events occur at widely spread different absolute distance ranges, whereas with ELP linkers (blue), there is only a single distance regime. (B) histograms of the first CBM unfolding event of each whole data set (PEG: N=219; ELP: N=521). Due to the polydispersity of the PEG linkers, for PEG experiments, three discrete populations with different extensions are clearly visible, for ELP only one. In both cases, anchor geometry on cantilever tip and glass surface determine the shape of the populations.
In this study we hypothesized that by replacing synthetic PEG linkers with biological ELP linkers, and thereby having a single type of polymer backbone throughout the mechanical system, better defined elasticity properties for the recording of force curves would be achievable. The persistence lengths of ELP peptide backbones should be comparable to those of unfolded protein domains, since they both consist of the same type of peptide bonded polymer chains. This match in persistence length should be advantageous compared to PEG, which contains repeats of ethylene oxide groups with lower stiffness. Accurate description of the mechanical system under investigation by elasticity models plays a crucial role determining characteristic parameters like persistence lengths and contour length increments.
Previous studies had shown, that at forces below 100 pN the PEG elasticity may satisfyingly be described by the standard elasticity models. 16 In a systematic study in this force range we compared ELP and PEG linkers and corroborated these earlier results. The data and a thorough discussion thereof are given in the supplement (see particularly Supplementary  Figure S10) .
At elevated forces however, stretching of PEG through its conformational transition causes marked deviations from ideal polymer behavior. In aqueous ambience, water molecules bridge by hydrogen bonding to two adjacent oxygen groups in the PEG backbone. By this means, they stabilize a trans-trans-gauche configuration with a binding energy of around 3 kT. When the polymer is stretched, the subunits of the backbone are forced increasingly into the slightly longer all-trans configuration and the bound water molecules are released. This conformational change, which contributes prominently to the polymer elasticity in the force range of 100 to 300 pN, causes an increase in the measured net contour length of the polymer backbone. 16, 17 Figure 4 A shows assemblies of multiple data traces of PEG and ELP linked proteins ('master curves'), respectively. A recently introduced WLC approximation model 32 with a quantum mechanical correction for backbone stretching at high forces 33 (qmWLC) was fitted to the traces with fixed persistence length of 0.385 nm. In the case of PEG linked proteins, a pronounced linear regime between 100 and 300 pN is visible in the last stretch at elevated forces. As a consequence, the qmWLC cannot model this polymer correctly. ELPs do not show such a conformational change to this extent, and therefore the elasticity model fits satisfyingly. An approach to let the persistence length also be a free fit parameter is shown in Supplemental Figure S11 , but resulted in a non-physical compensation of the gauche-trans conversion by this entropic elasticity parameter and thus gave largely unrealistic values for the contour length increment. Figure 4 B shows details of the last stretch before the Coh:Doc dissociation, highlighting the difference between PEG and ELP linkers. Two separate fits in the respective low and high force regimes illustrate the differences in polymer length before and after the transition. ELPs were also reported to have a force-induced conformational change, in this case based on proline cis-trans isomerization, that also extended the contour lengths. 27, 34 Not at least the low number of prolines in the overall sequence (every 5th amino acid) in the ELP motif renders this effect much smaller compared to the PEG conformational change, and will be camouflaged by signal noise in typical experiments with proteins. Figure 4 C shows the transformation into contour length space with the qmWLC model. A kernel density estimate (KDE) is plotted (gaussian kernel, bandwidth of 2.5 nm) to the distributions of the unfolding events (2x CBM, Coh:Doc dissociation). In case of PEG immobilized proteins, the KDE-contour length distribution shows several peaks, because of the failure of the model to describe the force response of the polymer accurately. Determining the contour length increments between the peaks of the KDE proves problematic even for this relatively simple exemplary case of two large fingerprint unfolding events and a receptor ligand dissociation. Smaller unfolding steps or even folding intermediates as substeps would be even harder to pinpoint and measure. In the case of ELP immobilized proteins, only three distinct peaks appear, with much clearer transformed data populations.
Figure 4: Elasticities of PEG and ELP linkers. (A) superposition of multiple protein unfolding curves ('master curves') from SMFS experiments with PEG (purple, N=73) and ELP linkers (blue, N=151).
The lower plots of each graph in panel A show the residuals of each WLC fit. Note that the residual plots are split in two subranges from -35 to 120 pN and from 120 to 1100 pN. The applied WLC model is extended by ab initio quantum mechanical calculations to correct for the enthalpic stretching of the polymer backbone 33 and is fitted to the data with a fixed persistence length. The fits show that the stretching behavior of the mixed polymer system (PEG linkers) deviates markedly at elevated forces from the predictions of the elasticity model, whereas the ELP curves agree very well. (B) the final stretch of the Coh:Doc rupture event, fitted with the WLC models with two different contour lengths in the lower and upper force regime. The PEG molecules undergo a conformational transition 16 , resulting in different contour lengths for each force regime. For ELP molecules, a comparable transition was reported 27, 34 , which apparently contributes to a much lower extent, so that SMFS experiments are much less affected. The differences in fitted contour length between the two fits are 28.5 nm for PEG linkers and 3.2 nm for ELP linkers. (C) contour length transformations 29, 35 of PEG and ELP master curves (purple and blue points). Ideally, the transformation results in data points aligning on vertical lines, where each line represents an energy barrier position for each stretching regime between two peaks in force-extension space. A KDE (gaussian kernel, bandwidth: 2.5 nm) was calculated for the transformed data. The ELP dataset shows the expected three peaks for the three unfolding and dissociation events, whereas the PEG data exhibit an irregular distribution with several more maxima.
CONCLUSION
PEG linkers have successfully been employed in numerous studies to anchor biomolecules of interest for SMFS. In the low force regime (below 100 pN) the extended WLC model describes their elastic properties with sufficient accuracy for the majority of applications. For higher forces, however, the conformational transitions in the PEG backbone would require an extended model for a convincing description. 16 Moreover, the inherent polydispersity of the PEGs, together with their complex elasticity make them less favorable linkers for SMFS.
The ELP-based linkers however, have proven in our studies to be improved candidates for surface immobilization and passivation purposes in single molecule force experiments. ELPs are monodisperse and flexible linkers, and readily allow for direct, site specific tethering. We showed that these features lead to more accurate measurements of contour length increments in poly-protein force spectroscopy data. A well-established elasticity model suffices for the data analysis. The ELPs investigated here are only one formulation of the vast variety of smart polymer linkers that could be utilized in SMFS experiments. Further studies are required to evaluate completely non-structured, non-proline containing protein linkers and their suitability for SMFS studies, because the amino acid side chain composition may affect the persistence length 36, 37 and even raise non-entropic behavior. Biotechnological characteristics, i.e. recombinant production and purification are as important as the biophysical requirements, which renders the easily produced ELPs particularly attractive. Other smart polymers should be similarly accessible to perform as suitable alternatives. Studies on smart polymers as tethers for SMFS experiments might also help to develop environmentally responsive surfaces, which potentially open the way towards new and exciting applications in nanobiosciences. In this work, ELPs as surface anchors enabled straightforward attachment of protein domains with Sortase A, and can easily be combined with other orthogonal peptide or protein ligation methods. The right choice of surface tethers helps administering accuracy and resolution to single molecule force spectroscopy and related scientific fields. Particularly, this method could not only be applied to enhance SMFS studies with purified proteins on functionalized surfaces, but also, when only the force probe is modified and subsequently used to measure on artificial membranes or cell surfaces. The approach presented here can easily be applied by standard molecular biology equipped laboratories to streamline the procedure and improve data quality for resolving even smaller features accurately.
MATERIALS AND METHODS
All reagents were at least of analytical purity grade and were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Carl Roth GmbH (Karlsruhe, Germany). All buffers were filtered through a 0.2 µm polyethersulfone membrane filter (Nalgene, Rochester, NY, USA) prior to use. The pH of all buffers was adjusted at room temperature.
A 300 amino acid long ELP was the basis for the AFM linker constructs used in this study, the underlying cloning and protein purification procedure of the ELP is described in detail elsewhere. 19 The ELP sequence was: [(VPGVG) 5 -(VPGAG) 2 -(VPGGG) 3 ] 6 and is referred to as ELP 120nm .
Standard molecular biology laboratories capable of producing recombinant proteins are equally capable of expressing ELPs, since both rely on the same principles, reagents and instrumentation. With our Plasmids provided at Addgene, cloning can even be avoided and production of ELP linkers for protein immobilization can be performed right away.
Cloning
A detailed description of the cloning procedure of the constructs can be found in the Supplemental Information (Supplemental Figures S1-S7) . ELP sequences used in this study, along with 40 nm length variants and binding handles are deposited at Addgene and available upon request (Addgene accession numbers: 90472: Cys-ELP 120nm -LPETGG, 90475: Cys-ELP 40nm -LPETGG, 90571: GGG-ELP 40nm -Cys, 90572: GGG-ELP 120nm -Cys, 91697: CohIII (R.f.)-CBM-HIS-LPETGG, 91698: GGG-HIS-CBM-Xmod-DocIII (R.f.)).
Transformation of cells 2 µl of the Gibson Assembly or ligation reaction transformed DH5α cells (Life Technologies
GmbH, Frankfurt, Germany; 30 min on ice, 1 min at 42°C, 1 hr at 37°C in SOC medium). The cells were plated on 50 µg/ml kanamycin containing LB-Agar and incubated overnight at 37°C. Clones were analyzed with Colony PCR, clones with fragments of appropriate lengths were sent to sequencing.
Protein expression
Chemically competent E. coli NiCo21(DE3) (New England Biolabs, Ipswich, MA, USA) were transformed with 50 ng plasmid DNA for the expression of all constructs used in this study. Transformed cells were incubated in autoinduction ZYM-5052 media (for ELP containing constructs supplemented with 5 mg/ml proline, valine and 10 mg/ml glycine; 100 µg/ml kanamycin) for 24 hrs (6 hrs at 37°C, 18 hrs at 25°C). 38 Expression cultures were harvested via centrifugation (6500 g, 15 mins, 4°C), the supernatant was discarded and the pellets stored at -80°C until further lysis. Throughout the whole purification process, for ELPs containing a cysteine, 1 mM tris(2-carboxyethyl)phosphine (TCEP, Thermo Fisher Scientific Inc., Waltham, MA, USA) or 1 mM of Dithiothreitol (DTT) was added to the respective buffers. Cell pellets with proteins containing no HIS-tag were solubilized in 50 mM TRIS-HCl pH 7.5 (supplemented with cOmplete™, EDTA-free Protease Inhibitor Cocktail, SigmaAldrich, St. Louis, MO, USA), all other pellets in lysis buffer (50 mM TRIS, pH 8.0, 50 mM NaCl, 10 % (w/v) glycerol, 0.1 % (v/v) Triton X-100, 5 mM MgCl 2 , DNase I 10 µg/ml, Lysozyme 100 µg/ml). Cys-ELP 120nm -LPETGG and GGG-ELP 120nm -Cys were purified with the ITC method. 39 After resolubilization, the cells were lysed by sonication (Bandelin Sonoplus GM 70, Tip: Bandelin Sonoplus MS 73, Berlin, Germany; 40 % Power, 30 % Cycle, 2x 10 min). The cells were kept on ice during the sonication procedure. The soluble fraction was separated from the insoluble cell debris by centrifugation (15000 g, 4°C, 1 h). In a first heating step (60°C, 30 mins) of the supernatant, most of the E. coli host proteins precipitated. The fraction of the collapsed ELPs were resolubilized by cooling the suspension for 2 hrs to 4°C on a reaction tube roller. The insoluble host proteins were pelleted by centrifugation (15000 g, 4°C, 30 min). Further purification steps were necessary to increase the purity of the ELP solution. This was done by repeated thermoprecipitation of the ELP followed by redissolution. The ELP solution was clouded by adding 1 M acetate buffer (final concentration 50 mM, pH 2.5) and 2 M NaCl. A heating step (60°C, 30 mins) ensured all ELPs were collapsed. A hot centrifugation (3220 g, 40°C, 75 min) was necessary to separate the high salt, low pH solution from the ELP pellet, which was resolubilized in 50 mM TRIS-HCl (pH 7.0) after discarding the supernatant. The solution was incubated for 2 hrs at 4°C to resolubilize all ELPs completely. A cold centrifugation step (3220 g, 4°C, 60 min) isolated the remaining insoluble fraction of the suspension. After decanting the supernatant, the salt concentration was increased and pH lowered, to precipitate the ELPs again. This cycle was repeated three times, or extended if the purity of the solution was not high enough.
The constructs CohIII-CBM-HIS-LPETGG and GGG-HIS-CBM-Xmod-DocIII were expressed and lysed as described above. After the first centrifugation, the supernatant was however, filtered (0.45 µm) and applied to a HisTrap FF (GE Healthcare Europe GmbH, Freiburg, Germany). Unspecifically bound proteins on the column were removed by washing five column volumes (25 mM TRIS-HCl pH 7.8, 300 mM NaCl, 20 
AFM sample preparation
Force Spectroscopy measurement samples, measurements and data analysis were prepared and performed according to previously published protocols: 10, 35 Silicon nitride cantilevers (Biolever mini, BL-AC40TS-C2, Olympus Corporation, Tokyo, Japan; nominal spring constant: 100 pN/nm; 25 kHz resonance frequency in water), were used as force probes. Surface chemistry for cantilevers was similar as for coverslips (Menzel Gläser, Braunschweig, Germany; diameter 24mm). Surfaces were amino silanized with 3-Aminopropyl dimethyl ethoxysilane (APDMES, ABCR GmbH, Karlsruhe, Germany). ɑ-Maleinimidohexanoic-ω-NHS PEG (NHS-PEG-Mal, Rapp Polymere, Tübingen, Germany; PEG-MW: 15 kDa) was used as a linker for the Sortase peptides (GGGGG-C and C-LPETGG, Centic Biotec, Heidelberg, Germany) in PEG linked experiments. The cysteine containing ELPs were linked to the surface with a sulfosuccinimidyl 4-(Nmaleimidomethyl)cyclohexane-1-carboxylate) (sulfo-SMCC, Thermo Fisher Scientific Inc., Waltham, MA, USA). 10 mM of PEG or crosslinker were dissolved in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5. Sortase catalyzed coupling of the fingerprint molecules (GGG-CBM-Xmod-DocIII and CohIII-CBM-LPETGG) was done in 25 mM TRIS-HCl, pH 7.2, 5 mM CaCl 2 , 75 mM NaCl at 22°C for 2 hrs. Typically, 50 µM ELP or Sortase peptide was coupled with 25 µM fingerprint molecule and 2 µM Sortase enzyme. In between both of the crosslinking steps (PEG, SMCC or ELP, peptide reaction) surfaces were rinsed with water and dried with nitrogen. After immobilization of the fingerprint molecules, surfaces were rinsed in measurement buffer (25 mM TRIS-HCl, pH 7.2, 5 mM CaCl 2 , 75 mM NaCl). The reaction of the different surface chemistry was done spatially separated by using silicone masks (CultureWell™ Reusable Gaskets, Grace Bio-Labs, Bend, OR, USA). The mask was applied after silanization and removed under buffer after the last immobilization step.
AFM-SMFS measurements
Data was taken on custom built instruments (MFP-3D AFM controller, Oxford Instruments Asylum Research, Inc, Santa Barbara, CA, USA; piezo nanopositioners: Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, Germany or attocube systems AG, Munich, Germany). Instrument control software was custom written in Igor Pro 6.3 (Wavemetrics Inc, Portland, OR, USA). Piezo position was controlled with a closed-loop feedback system running internally on the AFM controller field-programmable gate array (FPGA). A typical AFM measurement took about 12 hrs and was done fully automated and at room temperature. Retraction velocity for constant speed force spectroscopy measurements was 0.8 µm/s. Cantilever spring constants were calibrated after completing all measurements on different spots on the surface using the same cantilever. This was done by utilizing the thermal method applying the equipartition theorem to the one dimensionally oscillating lever. 31, 42 Force-extension data analysis Obtained data were analyzed with custom written software in Python (Python Software Foundation. Python Language Reference, version 2.7. Available at http://www.python.org), utilizing the libraries NumPy and SciPy and Matplotlib. Raw voltage data traces were transformed into force distance traces with their respective calibration values after determining the zero force value with the baseline position. A correction of the force dependent cantilever tip z-position was carried out. Force distance traces were filtered for traces showing two CBM unfoldings and a subsequent type III Cohesin:Dockerin dissociation, without preceding Xmodule unfolding. 7 This screening was carried out by detecting maximum-to-maximum distances of kernel density estimates (gaussian kernel, bandwidth 1 nm) peaks in contour length space in each single trace, after applying thresholds for force, distance and number of peaks. Remaining traces were excluded from further analysis. For sorting datasets, transformation of force distance data into contour length space was done with an manually fixed persistence length of 0.4 nm, to measure distances of energy barrier positions. 29, 43 Sorting was done allowing generous errors to the expected increments to account for the conformational stretching of the spacer molecules. Fits to the force-extension data with the WLC model had following parameters additionally to the values mentioned in the figure captions, if not stated otherwise: initial guess for persistence length: 0.4 nm; fit precision 1e-7. For assessment of transformation quality, the inverse worm-like-chain model was applied for transformation of force distance traces into the contour length space in a force window of 10 to 125 pN and with a persistence length previously fitted to each peak separately: The global mean value of each dataset for each peak was used. Final alignments of the whole datasets were assembled by cross-correlation.
Master curves assembly
The master curves were assembled by cross-correlation of each force-distance trace of a presorted dataset with all previous curves in contour length space, starting with a random curve. Each curve was shifted on its x axis to fit the maximum correlation value, and added to the set assembly in contour length space. Subsequently, a second run was performed, cross-correlating each curve with the previously assembled set, to facilitate an equal correlation template for every curve, independent of its occurrence. Finally, the most probable shift was calculated by a KDE and subtracted from each curve to get representative absolute distances respective to the origin. Distance and correlation value thresholds were applied to filter out less probable PEG populations and otherwise badly fitting data. In a final step, all overlaid raw data points in force-distance space were binned on the x axis into nanometer sized slices and their densities on the y axis were estimated by a KDE for each slice. Their most probable value and the corresponding full width half maxima then assembled the master curve. By this procedure the most probable and most representative pathway of a dataset was reproduced.
The qmWLC model
For WLC fits and transformations into contour length space, a recently improved approximation, solved for the extension was used 32 , adding correction terms for quantum mechanical (qm) backbone stretching. 33 With the abbreviations (1)
WLC fits were done with the model formula:
With the quantum mechanical correction:
And transformations were performed with model contour length:
With the reverse quantum mechanical correction for zero force contour length:
With , the extension, the model contour length, the force, , the persistence length, the boltzmann's constant, the temperature, and quantum mechanical correction parameters, the qm corrected contour length and the reverse qm corrected contour length at zero force. As non-linear fitting algorithm, a Levenberg-Marquardt least squares minimization method was applied.
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